Introduction
Relaxor based ferroelectric single crystals, such as (1 - [4] . It was reported that ultrahigh transverse piezoelectric property of PMN-30%PT crystal occurs in crystals with the polarization (thickness) and vibration (length) directions along [110] c and [001] c , respectively [5] . This phenomenon was further verified by Wang et al. who reported full matrix electromechanical coefficients of [011] c PMN-29%PT single crystals [6] .
Using orientation to enhance certain functional properties has been recognized as an important method since the electromechanical properties of many single crystals are highly anisotropic. The orientation dependence of piezoelectric properties of PMN-33%PT and PZN-9%PT single crystals has been described theoretically by using the Euler's angles [7] [8] [9] [10] [11] . Such representation may be difficult to visualize and often causes confusion. For example, in Ref. [10, 11] , the rotation plane is the ð110Þ crystal plane, but it is more appropriate to use the ð011Þ plane, which contains the [011] c direction so that the theoretical values can be compared to the experimental observations in the [011] c poled crystals. Here, through coordinate transformation [12] , we directly define the crystal plane of rotation based on the actual coordinates used in the experiments, which makes it easier to visualize and less confusing when making comparison with actual experimental observations. Previous efforts were mostly focused on the d 33 value by using coordinate transformation method [13] . Attempts on the calculation of orientation dependence of transverse or shear piezoelectric properties need to consider the rotation effect around the transformed z-axis, so that the calculated results can be properly compared with experimentally measured results. For example, to compare the calculated results with the experimental data of [001] c poled PMN-33%PT single crystal, the orientation dependence of piezoelectric coefficient d 31 could be calculated either on the crystal plane (100) or (001), as illustrated in Fig. 1 .
Davis and Damjanovic et al. have calculated the orientation dependence of d 31 for PMN-33%PT on the crystal plane (001) in terms of Euler's angles [9] . We will discuss the orientation dependence of piezoelectric and dielectric properties of PZN-(6-7)%PT and PMN-33%PT single crystals on the crystal plane (100) by using coordinate transformation method. In addition, the orientation dependence of properties of these single crystals on the crystal plane ð011Þ will also be calculated. The calculated results are then compared with available multi-domain experimental data in the same coordinate system, which can provide more direct guidance to the crystal growers and more credible evidence to the origin of the piezoelectric and dielectric properties anisotropy of multi-domain crystals.
Calculation method
Coordinate transformation method has been extensively applied to calculate crystal properties and investigate the effect of crystal orientation on piezoelectric response of ferroelectric crystals [13] [14] [15] [16] . Generally speaking, the macroscopic electromechanical properties of ferroelectric crystals mainly come from two effects: one is the intrinsic orientation effect, i.e., the effect of crystal anisotropy of a single-domain single crystal; the other is the extrinsic contribution from domains and domain walls, i.e., the effect of averaging over the crystallographically allowed orientations of ferroelectric domains and domain walls in a multi-domain single crystal. For example, for a singledomain PMN-33%PT crystal [17] , its intrinsic orientation plays a crucial role in determining their macroscopic electromechanical properties. While for a multi-domain PMN-33%PT crystal [3] , both intrinsic orientation and extrinsic domain structures determine the crystal properties. If the properties of single-domain PMN-33%PT crystal were used as input data, the properties in different orientations could be effectively calculated by coordinate transformation method. Therefore, if the properties of single-domain and multi-domain PMN-33%PT crystals were obtained in the same coordinate system, it would be easier to quantify the contributions from the intrinsic orientation and extrinsic domain structure contribution to the functional properties of multi-domain crystals.
The original single-domain data used in this work are the piezoelectric and dielectric coefficients of single-domain PMN-33%PT [17] and PZN-(6-7)%PT [18] [3, 19] .
Similarly, the orientation dependence of properties of single-domain PZN-(6-7)%PT and PMN-33%PT crystals on the ð011Þ crystal plane can be calculated. A transitional coordinate system is: x $ ½011 c ; y $ ½211 c ; and z $ [111] c , then, the properties are rotated counterclockwise around x $ ½011 c : The angle between the original z $ [111] c and transformed z-axis is defined as h. When the rotation angle h equals 35.3°, the corresponding coordinate system is: x $ ½011 c ; y $ [100] c , and z $ [011] c , which will match the coordinate system used in the experiment for [011] c poled multi-domain crystal [6, 20] .
Results and discussions
Orientation dependence of properties of PZN-(6-7)%PT crystal on the (100) crystal plane Table 1 . Since there had been no reports in the literature on the complete set of electromechanical coefficients of [001] c poled multi-domain PZN-(6-7)%PT crystal up to date, the measured properties of multi-domain PZN-7%PT crystal [19] were listed in Table 1 for comparison with the calculated results in the same coordinate system.
It can be seen from Table 1 that quantitative matching between the calculation and the experimental measurement is not perfect for neither piezoelectric coefficients nor dielectric permittivities. These deviations are mainly caused by two factors: one is that the calculations only take into account the crystal intrinsic orientation effect, excluding the extrinsic domain structure contributions to the electromechanical properties of the multi-domain single crystals; the other is due to experimental errors.
The calculated results show that e Table 1 . Thus, the extrinsic contribution from the domain structures is dominant in determining the observed strong anisotropy in the dielectric properties of the multidomain crystal [19] . In addition, it has been pointed out that the domain structure strongly affects the dielectric properties of tetragonal PZN-12%PT crystal [14] and rhombohedral PMN-33%PT crystals [15] . If considering the domain wall contributions, it will reduce e 11 T but enhance e 33 T [15] , so that the dielectric anisotropy occurs in the [001] c poled multi-domain PZN-7%PT crystal [19] .
In terms of experimental errors, some are caused by chemical compositional fluctuations, others are from the measurements of electromechanical properties of singledomain PZN-(6-7)%PT crystal. These experimental errors will be transferred and amplified in the calculations. If a quantity y = f(x 1 , x 2 , x 3 ,…) is related to some quantities x 1 , x 2 , x 3 ,… with errors Dx 1 , Dx 2 , Dx 3 ,… the error of y can be expressed as [21] Dy 
If the composition variation were ignored, the relative error of calculated e 11 T would mainly come from the measurement of e 11 111 in single-domain PZN-(6-7)%PT crystal. According to Eq. 6, the measured dielectric permittivity e 11 111 may be too large. Table 1 , which means that the intrinsic orientation effect contributes equally to e 11
T and e 33 T for [001] c poled PMN-33%PT crystal, the strong anisotropy in the dielectric properties observed in multi-domain PMN-33%PT crystal [3] should be attributed to the extrinsic domain and domain wall contributions. For the PMN-33%PT single crystal, the domain wall contribution reduced e 11 T but enhanced e 33 T [15] .
Orientation dependence of properties of PZN-(6-7)%PT crystal on the crystal plane ð011Þ [20] . The rotated properties of single-domain PZN-(6-7)%PT crystal and its multi-domain properties measured [20] are given in Table 2 . Error analysis showed that the main error origins of the calculated piezoelectric coefficients come from Table 2 . Since no complete set of electromechanical coefficients of [011] c poled multi-domain PMN-33%PT crystal had been measured so far, the measured properties of [011] c poled PMN-29%PT crystal [6] are listed in Table 2 for comparison. The calculation results showed that the crystal intrinsic orientation effect can indeed enhance the anisotropy of dielectric and piezoelectric properties of [011] c poled PMN-33%PT crystals.
Conclusions
The orientation dependence of electromechanical properties of single-domain PZN-(6-7)%PT and PMN-33%PT crystals on the crystal planes (100) and ð011Þ has been calculated by coordinate transformation method. The optimum cutting orientations were predicted on these two crystal planes in terms of piezoelectric coefficients d 31 constants d 3j (pC/N) (j = 1 or 3) and dielectric permittivities e mn T (e 0 ) (m = n = 1 or 3) calculated for single-domain crystals and measured in [011] c poled multi-domain crystals [6, 20] 
